Introduction
Plio-Pleistocene cool-water biocalcarenitic-dominated sediments, forming isolated or clustered coastal wedges, represent one of the most common types of deposits crop-ping out along the northeastern coast of Sicily (Southern Italy) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These deposits are mainly formed by mixed siliciclastic and bioclastic fractions derived from the local bedrock units and skeletal fragments.
Along the Mediterranean coasts, these sediments intermittently developed during the Plio-Pleistocene and have been described in recent literature in the context of various depositional settings. Some of these settings show evidence of syndepositional tectonics [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Depositional systems often show well-developed clinoform geometry prograding away from the coast and forming shore-parallel linear bodies. The basin margins from which the wedges developed were affected in some cases by persistent tectonic movements, which controlled the geometric stacking of the clinoforms [25] or inhibited the formation of clinoforms because of the steep gradient of the coastal bottom profile [26] . Active tectonics affecting a coastal margin frequently produce a composite coastal morphology, forming alternating small gulfs, embayments and promontories. Generally, this coastal setting allowed the sedimentation of adjacent shore prisms, separated by small promontories and characterized by different depositional and sedimentary features.
In such settings sedimentation is strongly controlled by tectonics that may produce incomplete depositional cycles of several hierarchical orders, and bounding surfaces defining abrupt facies transitions and depth conditions. Glacioeustatic signal can be identified in lower-rank sequences or parasequences [27] .
Recent studies e.g.: [22] have pointed out that in NE Sicily (along the southern margin of the Tyrrhenian Basin) PlioPleistocene sediments consist of tectonically-controlled, transgressive successions of shallow-marine to deeper marine neritic environments. Three main depositional sequences (R1, R2 and R3) ranging in age from Middle Pliocene to Middle Pleistocene can be recognized.
In this work we present the results of detailed facies analysis and nannofossil biostratigraphic study, carried out on the Lower-Middle Pleistocene sedimentary succession cropping out along the Ionian side of NE Sicily (Peloritani Mts). Here, the sedimentary succession is mainly characterized by mixed, siliciclastic/bioclastic sediments ('mixed' sandstones [28] or 'hybrid arenites' [29] ) forming isolated coastal wedges. In these deposits the bioclastic fraction is represented by foramol-assemblages (sensu [30] and [31] ).
During the Plio-Pleistocene time interval, initial WNW-ESE and later NE-SW, normal fault systems broke this segment of the Ionian coast into several sectors [32] [33] [34] . This caused the formation of uplifted promontories separated by small bays, and favored the development of laterally-varying sedimentary conditions. Our study demonstrates that sedimentation occurred diachronously across the Ionian margin and that it was progressively more influenced by tide dominated bi-directional tractional currents towards the Middle Pleistocene. This change in current regime was most likely related to opening of the Messina Strait.
Tectonic and stratigraphic setting of NE Sicily (Peloritani Mts)
Calabria and NE Sicily represent a segment of the Neogene Apennine-Maghrebide orogenic belt (Calabrian Arc, [35] ; Figure 1 , inset), which developed in the central Mediterranean Sea as a result of collision between Africa and Europe [36] [37] [38] [39] , and northwesterly subduction and roll-back of the Adriatic-Ionian slab [34, [40] [41] [42] [43] . NE Sicily presently separates the Tyrrhenian basin (to the NW) and the Ionian basin (to the SE) ( Figure 1 , inset), both representing back-arc areas [34] . The Neogene deposits cropping out in this part of Sicily (Peloritani Mts in Figure 1 ), record the tectonic and sedimentary evolution of this complex area during the opening of the southern Tyrrhenian basin and of the eastern Ionian basin. From the Late Oligocene onward, the terrigenous sedimentary successions of the Peloritani Mts ( Figure 2A ) formed distinct depositional cycles bounded by regional unconformities, each of them indicating a stage in the complex polyphase evolution of the area ( [44] [45] [46] and references therein). Late Oligocene to Early Miocene sediments are associated with a compressional regime, during which a series of perched forearc basins formed, separated by intervening highs of crystalline basement [45] . From the Middle Miocene, the Tyrrhenian margin of the northern Sicilian sector (Figure 1 , inset) was affected by the extensional tectonic phase preceding the opening of the Tyrrhenian Basin. Thick clastic successions accumulated in downthrown areas (San Pier Niceto Fm). During the same period up to the Early Pliocene, collisional processes still dominated the Ionian margin of the eastern Sicilian sector (Figure 1, inset) . From the Late Pliocene onward, the Ionian sector was also affected by extensional faulting, which fragmented the orogen into structural highs and subsiding local basins [45] . The resultant Plio-Pleistocene sediments [10, 22, 33, 47, 48] are arranged into several unconformity-bounded stratigraphic units, ranging from Early Pliocene (Trubi Fm) up to late Middle Pleistocene (Messina Gravels and Sands Fm [33, 49] ). The Messina Strait is a narrow, linear basin located between Calabria and Sicily [50] . This basin formed in the Late Pliocene due to normal faulting in a belt extending Figure 1 . Simplified geological map of the study area (modified after [33] ) and regional location in the central Mediterranean Sea (inset; arrows indicate the main extensional direction of the "Siculo-Calabrian Rift Zone" [54] ). Cycles R2 and R3 are confined within two sectors SW and NE, respectively. Locations of the stratigraphic logs are indicated. The pre-Pleistocene sedimentary units (Middle-Upper Miocene San Pier Niceto Fm, Messinian evaporites and Lower Pliocene Trubi Fm) have been grouped to better highlight the Pleistocene successions. The internal red line bounding the two sectors may be likely considered as an approximation of the coastlines during the sedimentation of cycles R2 and R3.
from western Calabria to southern Sicily ( [45, 46, 51, 52] and references therein). This NE-SW-oriented fault system, associated with destructive historical earthquakes, is known in the literature as the "Siculo-Calabrian Rift Zone" ( [34, 53, 54] ; Figure 1 , inset) and is characterized by minor, approximately orthogonal faults, which control the present-day setting of the Sicilian Ionian coast [39, 46, [55] [56] [57] [58] [59] . Most of the minor faults associated with this system show vertical displacements of the sedimentary successions and volcanic products (from Mt. Etna) together with fault escarpments that suggest short-term vertical sliprates of 1-2 mm/year [53, 60] . From the Early-Middle Pleistocene, Calabria and northeastern Sicily were affected by strong uplift, which progressively decreased toward the north and the west [61] [62] [63] [64] [65] [66] . This uplift was caused by displacement along extensional faults that controlled local domains of subsidence, including the Messina Strait [46, 52, 53, 59, 61, 67, 68] .
The Messina Strait is presently characterized by sea-floor erosion, which is responsible for the irregular bottom topography and scarcity of sediment cover. Where sediment accumulation is present, strong currents flowing along the axis of the strait [69, 70] generate coarse-grained sandwaves that migrate from north to south and vice versa. Currents, ranging in velocity from 1 to 3 m/s [71] , are generated by amplification of out-of-phase tidal cycles that occur every six hours [70] . The sedimentary succession examined in this study (cycles R2 and R3 in Figure 1 and Figure 2B) represents part of the Plio-Pleistocene deposits characterizing the emerged Calabrian (to the north) and Sicilian (to the south) margins of the present Messina Strait (eastern Peloritani Mts) ( Figure 1 ). These deposits overlie remnants of the Early Pliocene Trubi Formation or lie directly on the older substratum. They are unconformably overlain by the Messina Gravel and Sand Formation ( Figure 2B ). in the study area. The succession has been subdivided into two cycles R2 and R3. Letter symbols: ts = transgressive surface; fs = flooding surface; mfs = maximum flooding surface; rsme = regressive surface of marine erosion; TST = transgressive systems tract; HST = highstand systems tract.
Methods
The study is based primarily on field observations. Most stratigraphic data were gathered from sections exposed in a number of natural and artificial outcrops exhibiting a range of exposure conditions and orientations. A number of small digs and scarps along roads provided additional information. Facies analysis was carried out on 6 vertical sections spaced 100-600 m apart (total thickness 129.2 m) and combined with interpretation of photomosaics. Grain sizes, sedimentary structures, trace and body fossils, palaeoflow indicators and stratigraphic surfaces were identified. The main bounding surfaces were traced physically from section to section and used as keyelements for stratigraphic correlation. Approximately 20 rock samples were found suitable for the calcareous nannofossil study. These samples were prepared following the standard methodology for smearslides ( [72] and references therein), and then analyzed with a light microscope at a magnification of x1000-1250. The biostratigraphic scheme proposed by [73] for the Mediterranean region was adopted for the present study and compared with the foraminiferal scheme of [74] , amended by [75] (Figure 3 ). According to the most recent literature [76] [77] [78] , the Early/Middle Pleistocene boundary is located in the interval between the base of biozone MNN19f (dated at 0.99 Ma [75] ), and the Brunhes/Matuyama mag-netic reversal (0.78 Ma [78] ). The studied sedimentary successions can be considered fining-upward cycles [79] or transgressive T cycles [80] , because they show vertical facies trends that suggest sedimentation during relative sea-level rises.
Stratigraphy and sedimentology of the Lower-Middle Pleistocene succession of the Ionian Peloritani Mts
The Lower-Middle Pleistocene strata considered in the present study crop out along the Ionian side of the Peloritani Mts (NE Sicily), between the elevations of 160 m and 270 m above sea level (a.s.l.) due to a long-term uplift of the area [53, 60] . These sediments form several isolated outcrops very similar to each other in their stratigraphic and sedimentological characteristics, and for this reason they were considered as an unique isochronous succession by previous authors [10, 33, 47, 48] .
According to our data, these sediments were subdivided into two main units which, on the basis of their general stratigraphic trends and biostratigraphic constraints (Table 1 and Figure 3 ), can be considered as 'cycles' [79] . These cycles are chiefly equivalent to those recently documented for the northern sector of the Peloritani Mts (Tyrrhenian coast of Sicily) [22] . For this reason, the same coding nomenclature R2 and R3 (from the name 'Rometta' of outcrop locality, Tyrrhenian coast of NE Sicily) to identify the two cycles has been adopted ( Figure 2) . No Middle-Upper Pliocene sediments (depositional sequence R1 in the Tyrrhenian sector [22] ) occur in the examined outcrops.
In the Ionian sector, cycles R2 and R3 are physically separated and crop out in two main coastal areas, located to the SW and NE respectively ( Figure 1 [73] Gephyrocapsa oceanica s.l. [73] Gephyrocapsa "large" [73] Reticulofenestra spp. In contrast, the NE sector is occupied by the younger cycle R3, that never lies upon the cycle R2 deposits. In this area, two different stratal units can be recognized between Monte Banditore and Scoppo (Figures 6, 7C and 7D). Both the SW and the NE sectors are dominated by bioclastic packstones and grainstones to fine-grained rudstones. Only the lowermost units contain a significant terrigenous fraction.
Cycle R2
In the Tyrrhenian sector of the Peloritani Mts, cycle R2 is a complete depositional sequence spanning the Late Pliocene to Early Pleistocene [22] . In contrast, in the Ionian sector (present study) the correlative succession starts from the Early Pleistocene Emilian substage (Figure 3 ). In fact, the nannofossil content is characterized in the lower part by the presence of Gephyrocapsa "large" (sensu [73] ) which defines the MNN19d biozone (Emilian in age), and by dominant Gephyrocapsa "small" in the uppermost part, identifying the Early Pleistocene (Sicilian) MNN19e biozone. The time interval ranges from 1.5 Ma (base of MNN19d biozone, [75] ) to 0.99 Ma (top of MNN19e biozone [75] ; see Table 1 for a complete nannofossil list). The overall geometry displays a gradual wedging-out updip, and a relatively rapid lensing out at the distal termination, where the succession is overlain by terrigenous Holocene-to-Present coastal sediments ( Figure 1 ). The outcrops extend a few hundred meters along the SSW-NNE-oriented palaeo-shoreline. The succession is subhorizontal to gently seaward-dipping and presents some facies variability and thickness differences. The general stratigraphic trend shows an apparent upward fining and deepening represented by vertical changes from bioturbated bioclastic packstone to fine bioclastic grainstone. The depositional cycle R2 can be subdivided into three stratal units (a, b and c in Figure 4 ).
Stratal unit a
Stratal unit a crops out at the base of La Montagna hill and erosively overlies the Middle-Upper Miocene San Pier Niceto Formation and the Messinian evaporites. The contact is marked by an angular unconformity (surface ts I in Figure 5 ). Stratal unit a forms a seaward-thickening wedge and shows a complex system of facies assemblages that have been subdivided, from proximal to distal, into three facies associations pb, cg and cc ( Figure 4 ; La Montagna 1, La Montagna 2 and Monte Spalatara sections in Figure 5 ).
Facies association pb forms the inner edge of a wedgeshaped unit cropping out at the base of La Montagna 1 section. This facies association is represented by facies pb1 and pb2. Facies pb1 is a few meters thick polygenic breccias, composed of angular calcareous, arenitic, granitic and metamorphic gravels. Sediments are organized into massive, indistinctly-bedded strata lapping against cliffed and intensely bored metamorphic bedrock. The matrix is represented by mainly bioclastic sands and granules ( Figure 8A ). Basinwards, facies pb1 laterally passes to facies pb2 represented by pebbly calcirudites organized into indistinct 0.4-0.8 m thick, seawards-dipping strata. These deposits are poorly sorted and the primary bedding is often interrupted by the occurrence of coral colonies ( Figures 8B and 8C ). The matrix is composed of unsorted gravel-sized bioclasts, granules and sand. Strata alternate with fine-grained, bioclastic-rich sandy layers, including brachiopods with articulated valves ( Figures 8D  and 8E ). The coral content is dominated by the presence of Lophelia pertusa, Madrepora oculata and Desmophyllum cristagalli and subordinate Enallopsammia scillae and Dendrophyllia cornigera [81] . Figure 9A ). The clasts, similar in composition to those observed within facies pb, show a higher degree of roundness and are organized into clinostratified beds dipping at 10˚-12˚basin-wards. Foreset strata are formed by normal-graded mixed terrigenous granules and large bioclasts. Facies cg2 is mainly represented by metamorphic, well-rounded pebbles and granules organized into lenticular layers, 0.5-1.2 m wide and 0.2-0.3 m thick. These layers form small erosive channel-fills encased within the deposits of facies cg1.
At the base of Monte Spalatara, Stratal unit a is represented by facies association cc ( Figure 5 ). It consists of two alternating facies: facies cc1 is represented by siliciclastic gravels and massive sands with scattered pebbles organized into 1.4-2.3 m thick beds. These beds form multiple, often amalgamated channel-fill deposits, each 30-40 cm thick (3-5 lenses per bed), and are characterized by normal grading and indistinct lenticular concave-up geometries with erosive bases. These beds also rhythmically alternate with the sediments of facies cc2 ( Figure 9B ). Facies cc2 consists of fine bioclastic/siliciclastic sands, characterized by angular to tangential cross-stratification forming 1-1.5 m thick subaqueous dunes ( Figure 9C ). The internal architecture of these dunes consists of repeated bundles of coarsening-and fining-upwards bed-sets 12-27 cm thick (n/s in Figure 10 ) interrupted by diffused bio-turbation, and showing palaeocurrent directions measured in the cross-laminated strata ranging from N140˚E to N 180˚E. The base of the dunes is an irregular undulated surface, whilst the top is often erosive with diffused loading and flame structures ( Figure 10 ). Figure 9B . White lines separate the two lithofacies of facies association cc at the base of Monte Spalatara section. Facies cc1 consists of multiple grain flow channelfill deposits, containing rock fragments recycled from the prePleistocene bedrock (white arrows indicate normal grading). Facies cc2 consists of cross-laminated tidal dunes composed of bundles of coarsening-and fining-upwards foresets (migration direction is somewhat normal to the outcrop surface), recording repeated neap/spring (n/s) tidal cycles. Bioturbation is widespread. Note loading structures at the base of the successive grain flow strata.
Stratal unit b
The previous Stratal unit a passes upwards to Stratal unit b, which extensively crops out at San Filippo, La Montagna and Monte Spalatara (Figure 1) , showing significant lateral variations in thickness ( Figure 5 ). This unit exhibits a single facies association bc which is in turn composed of facies bss and subordinately facies ic. Facies bss consists of a 15-20 m thick well-stratified alternation of yellowish grainstones, rudestones and packstones ( Figure 5 ), containing sparse mm-sized quartz particles. The bioclastic fraction is represented by wellsorted skeletal particles, derived from debris of bivalves, gastropods, brachiopods, echinoderms, bryozoans, ostracods, barnacles, corals and red algae. Centimeterthick interlayers of silt to fine-medium sand are also present, mainly consisting of quartz, feldspar and glauconite grains. The occurrence of both bioclastic and siliciclastic fractions allows us to define these sediments as 'mixed' sandstones [28] or 'hybrid arenites' [29] . In the San Filippo section ( Figures 11A and 11B ), facies bss shows abundant small-sized brachiopods, well preserved and sometimes with articulated valves. Here, the unit is organized into a regular repetition of centimeter-thick beds characterized by tabular geometries, with foreset lamination showing unidirectional palaeocurrents (N160-N180E). Very intense bioturbation often hampers the recognition of other primary sedimentary structures (Figure 11C) . Basinwards, sediments of Stratal unit b are truncated by a U-shaped, 5-6 m deep channel incision ( Figure 5 ), filled with intraformational, chaotic calcarenitic and metamorphic clasts, up to 35 cm in diameter (facies ic). The axis of the channel is downdip oriented, according to the palaeoslope direction of the system.
Stratal unit c
The topmost part of depositional cycle R2 is represented by Stratal unit c ( Figure 5 ). This unit consists of wellstratified, deeply bioturbated, bioclastic siltstones up to 10-12 m thick, containing few loosely packed thin lenses of bioclastic fine sands (facies bs) and dispersed wellpreserved fossils. The basal contact over the underlying Stratal unit b is well exposed. This surface is characterized by a 30-50 cm thick, in situ to near situ exceptionally abundant shell concentration of centimeter-sized skeletons of articulated brachiopods Terebratula. (Figures 12A  and 12B ). Upwards, thinner shell concentrations occur, alternating with fine calcarenitic intervals. The uppermost part of the unit is characterized by wavy erosion surfaces, with a relief of 15-20 cm, filled with shell fragments. No other current or wave sedimentary structures occur. This unit is bounded at the top by a surface of modern exposure (San Filippo) or it is overlain by the prograding fan deltas of the late Middle Pleistocene Messina Gravels and Sands Fm (La Montagna and Monte Spalatara) (Figure 1 ). 
Cycle R3
Depositional cycle R3 crops out in the NE sector of the study area (Figure 1 ). Here the litho-stratigraphic characteristics of this succession appear very similar to those of the underlying cycle R2, and for this reason the two diachronous cycles R2 and R3 were so far considered as coeval in the past [32, 33] . The nannofossil content indicates that cycle R3 is referable to the MNN19f biozone (Figure 3) , characterized by the occurrence of Gephyrocapsa sp.3 [73] , whose First Occurrence approximates the Middle Pleistocene basal boundary [76] . Cycle R3 spans from 0.99 Ma (base of the MNN19f biozone [75] ) to 0.58 Ma (Last Occurrence of Gephyrocpasa sp.3 [75] ; see Table 1 for further details).
Cycle R3 overlies the deformed pre-Pleistocene bedrock through an irregular discontinuity surface (ts II in Figure 6 ) and is organized into two main stratal units, d and e. The succession shows a deepening-upwards trend indicated by sudden vertical changes in the sedimentary facies.
Stratal unit d
This unit represents the lower interval of Monte Banditore and Scoppo sections (Figure 6 ), and it is mainly represented by pebbly sandstones lapping on the prePleistocene block-faulted substrate (San Pier Niceto and Trubi fms).
Stratal unit d is represented by facies association sc, which is composed of three facies: smb, dd and df . The first two are observable at the base of Monte Banditore. Facies smb consists of laminated siltstone and microbreccias forming tabular beds up to 0.5 m thick ( Figure 7C ). Mm-sized bioclasts are sparsely present within the siltstone and where present, are organized to form flat laminations, frequently obliterated by bioturbation. Locally, thin sandy intercalations with ripple cross laminations occur. Facies dd is represented by chaotic, coarse-grained arenitic to conglomeratic strata, 1-1.5 m thick and frequently reverse graded. These strata include large clasts, up to 0.5 m in diameter of metamorphic, arenaceous, marly and biocalcarenitic rocks, immersed in a fine bioclastic matrix. Biocalcarenitic fragments yield nannofossil assemblages similar to those found in the R2 sediments, and thus referable to the Early Pleistocene.
Northwards, these facies pass laterally to facies df , which occurs at the base Scoppo section ( Figure 12C ). Facies df consists of chaotic, amalgamated, 4-7 m thick beds of coarse sediments. The coarser fraction is represented by large mudstone blocks, containing abundant Early Pliocene nannofossils (Amaurolithus delicatus, Helicosphaera sellii, Discoaster pentaradiatus among others). Subordinate arenaceous and metamorphic clasts are also present. The clay matrix yields rich and wellpreserved nannofossil assemblages of the Middle Pleistocene MNN19f biozone (Table 1) , with abundant openmarine forms such as Pseudoemiliania lacunosa, as well as typical Pleistocene circalittoral to bathyal benthic foraminifers such as Hyalinea baltica, and planktonic foraminifers such as Turborotalia truncatulinoides excelsa.
Stratal unit e
Stratal unit e developed over the previous Stratal unit d on a flat depositional surface. This unit mainly consists of stratified mixed sandstone and siltstone, where the bioclastic fraction is represented by fragments of corals, serpulids and sponges, and the siliciclastic fraction by small clasts of quartz (facies cbc). Skeletal material appears ubiquitously disarticulated, fragmented and commonly rounded and polished, due to both biological and physical processes of degradation. Sediments are organized into tabular beds a few centimeters thick, containing angular to tangential foresets ( Figures 12D and 12E) . Palaeoflows display directions ranging from N95˚E to N300˚E, so that repeated vertically-stacked foresets form herringbone structures (Figures 12D and 12E) . Bioturbation is widespread. Randomly, thin lenses of granules and small-sized pebbles occur at different stratigraphic intervals. This facies, up to few meters thick, is abruptly truncated at the top by the erosional surface, marking the base of the overlying Messina Gravels and Sands Formation ( Figure 6 ).
Discussion and interpretation of the depositional setting of cycles R2 and R3
Cycle R2 is organized into a series of wedge-shaped coastal bodies, slightly inclined seawards. Although synand post-depositional tectonic displacements affected the entire area, facies arrangement indicates that this inclination is depositional. Facies assemblages, as well as biofabric and preservation quality, suggest a shallow mixed siliciclastic/carbonate ramp setting, most of which developed below the fair-weather wave base, with a weak deepening trend. The absence of clinform geometries and the rapid lateral facies changes indicate that the lower Stratal unit a is the result of coastal sedimentation along a gentle seaward dip ramp. This ramp was formed by a narrow, poorly developed beach face, rapidly passing seawards to a subaqueous shoreface ( Figure 13A ). The semi-organized breccia, rich in encrusting organisms and corals (facies association pb), represents deposition at the toe of sea cliffs. These deposits accumulated by debris flows and debris falls due to events of rock failure from coastal paleocliffs. Molluscs and sponge borings affecting both boulders and cliffed substrate indicate that rock failure accumulated in the transition from beach face to upper shoreface. These facies may develop in an environment similar to that characterizing some present-day coasts, where steep (cliffed) shorelines exhibit smooth nearshore profiles and a 'reflective' hydrodynamic domain [82] . In such settings most waves break directly against the beachface, and wave energy reflected from the beach face often propagates offshore by refraction producing a 'resonance' of water move-ment along the beach face [83] . Abundant bedrock-derived clasts occurring at the base of the palaeocliff, and representing the 'back-edge' of the coastal system, probably originated from fault-induced sea cliff collapses. However, no flexure or deformation of the conglomerate beds occurs to confirm syn-depositional tectonic activity of faults affecting the pre-Pleistocene substrate. Figure 13 . (A) Depositional 3D model inferred during the early stage of deposition of cycle R2 (early TST on the relative sea-level curve). The steep depositional profile inhibited the development of proximal facies. The incidence of waves against the sea cliffs might produces a 'resonant' domain in the foreshore zone, generating downwelling currents migrating offshore along the sea bottom and influencing the deepest sedimentation (facies association bc). In the distal part of the depositional model, the emplacement of debris-flow deposits, derived from an adjacent steep margin, alternated with tidal dunes migrating parallel to the palaeo-shoreline (facies association cc). (B) Development of the depositional system during the late relative sea-level rise and subsequent highstand (upper part of cycle R2). Sedimentation took place with the development of a set of retrogradational parasequences (testifying short-term eustatism) lapping against a steep transgressive surface (see the stratigraphic locations of the sedimentological logs shown in Figure 5 ). The curve of relative sea-level oscillation can be considered as the sum of the eustatic sea level changes and the tectonic subsidence [113] . See text for details.
Although previous interpretations have attributed the coral assemblages from the study to circalittoral/bathyal and bathyal environments e.g.: [5, 84] , the described sedimentary structures suggest shallow-water conditions for deposits of Stratal unit a. This apparent contradiction between the palaecological and sedimentological data was also noted by [24] for an analogous succession in the Tyrrhenian sector. According to the authors, similar discrepancies can be attributed to the high water turbidity, especially for engulfed coastal conditions, which would reduce the penetration depth of light and affect the bathymetric distribution of local biocoenoses. Large volumes of sediments in suspension can be entrapped in bays by the action of waves or longshore currents, reducing light conditions at the sea floor. Such conditions may simulate depths greater than the reality thus favoring the development of faunal assemblages usually living in deeper environments [24] . In addition our interpretation is supported by recent findings that documented a wider bathymetric range for Lofelia pertusa and Madrepora oculata assemblages (33-463 m) [85] .
Basinwards, facies association pb is replaced by debrisflow deposits (facies cc1), probably shed from the marginal areas following collapse of fault-controlled palaeocliffs. These deposits are intercalated with sandy tidal dunes migrating parallel to the palaeoshoreline (facies cc2). Bundling of foreset laminae ( Figure 10 ) suggests neap/spring tidal cyclity. This stratigraphic arrangement is very similar to that described for PlioPleistocene deposits on the Calabrian side of the Messina Strait and interpreted as typical tide-influenced sedimentation of a palaeo-strait margin [86] . The average orientation of the proto-Messina Strait axis was NNE-SSW [1, 2] , and tidal currents were expected to mirror this direction. The different trend of the tidal palaeflows (N140˚E to N 180˚E), recognized in the foresets of the basal intervals of the succession, presumably suggests a deeply engulfed coast, marginal to the axial part of the strait. Therefore, the observed facies can be considered as recording sedimentation in the sublittoral environments of the proto Messina Strait.
This coastal setting evolved transgressively to biocalcarenite-dominated lower shoreface conditions (stratal units a and b, inferred paleo-depth interval: 40 to 80 m), followed by open-marine siltstone (Stratal unit c, inferred paleo-depth interval: 100 to 300 m) ( Figures 13A  and 13B ).
Lower shoreface setting of Stratal unit b is suggested by the low amount of wave-and storm-induced sedimentary structures. These are replaced upwards by currentinduced structures, mostly tabular cross-beds, which can be interpreted as a product of tractional downwelling flows. Such features confirm a ramp-type depositional setting during its transgressive stage, characterized by the dominance of storm-driven downwelling and offshoredirected currents (facies bbs), and gravity-driven deposits (facies ic) ( Figure 13B ). According to the skeletal components of the bioclastic fraction (facies bbs), a foramol assemblage (sensu [87] and [30] ), typical of temperate to cool water seas, can be hypothesized [31] . The related carbonate factories characterize unrimmed, open seawardsloping shelves, dominated by the influence of waves and storms and subordinately by gravity-driven processes [88] in areas characterized by cool and/ or nutrient-rich waters [31] .
The internal organization of the lower, biocalcarenitedominated Stratal unit b and its association of sedimentary structures indicate the occurrence of re-sedimentation processes, producing gravity-driven mass flows (debris falls and debris flows) that propagated along a steep seabottom profile. The ramp top represents the shallowest environment. The bioclastic fraction that originated in this setting was promoted by the proximity to photic zone and by an abundance of land-derived nutrients ('non-tropical carbonates' of [88] ). In the same environment, the larger part of the siliciclastic fraction of sediment deriving from the rivers or littoral drift accumulated and mixed with the carbonate skeletal fraction. These mixed sediments were remobilized by storm-induced downwelling flows, giving rise to gravity flows as the ramp deepened basinwards.
The abundance of the fine-grained, bioturbated matrix that characterizes the topmost Stratal unit c suggests deposition below the fair-weather wave base, in an environment with perennially abundant sediment suspension rich in silt and very fine skeletal sand. The bioclastic interlayers of facies bs and the rare wavy erosional surfaces can be attributed to storm events, implying an offshore-transitional environment.
The depositional setting of cycle R3 was similar to depositional setting of the older cycle R2. Differences can be found in the lower part of cycle R3 (Stratal unit d) , where clasts derived from the pre-Pleistocene substrate occur. These are mainly represented by marls of the Trubi Formation, as revealed by the Early Pliocene nannofossil assemblages and, subordinately, by arenites of the San Pier Niceto Formation and metamorphic rocks. The recycling of cycle R2 sediments is confirmed by the nannofossil content of the calcarenitic clasts which revealed an Early Pleistocene age. This evidence suggest incipient uplift and erosion of the marginal areas during the initial stage of the Middle Pleistocene transgression e.g.: [89] . Stratal unit d of cycle R3 represents an open-marine depositional setting (inferred paleo-depth interval: 300 to 500 m), in which gravitational events (rock falls and de-bris flows) tend to affect the deepest environment. The uppermost part of cycle R3 (Stratal unit e, inferred paleodepth: >500 m) indicates sedimentation in a ramp setting, in which siliciclastic/bioclastic cross-stratified sandstones are characterized by an upward increase in abundance of tide-dominated sedimentary structures.
Tidal signal is recognizable in both cycles R2 and R3, although it is represented by two different types of sedimentary record. The lower portion of cycle R2 exhibits 2D tidal dunes, up to 4 m thick (see Figure 9C ), whose internal architecture shows neap/spring bundling of laminaes (see Figure 10 ). These dunes display uni-directional palaeoflows and indicate chiefly uninterrupted currents moving in the relatively deep part of the proto-Messina Strait.
In contrast, the tidal signal of cycle R3 consists of vertically-stacked tabular foresets, with thickness ranging from 0.2 up to 0.5 m, showing alternating palaeoflow directions. These two different types of tidal facies are probably related to two different depth conditions of the strait: large 2D tidal dunes currently occur in the deepest zones of the strait [70] , whilst reverse flood-ebb currents can be more easily recorded in shallower environments of the tide-dominated marine system [90] . Thus, the differences in tidal signature possibly indicate that the Messina Strait experienced different hydrodynamic conditions related to evolving depth from the Early to Middle Pleistocene. Similar depositional settings were described, interpreted and debated for other coeval and older successions. Most of the proposed models represent wave-or stormdominated depositional settings e.g.: [15, 21, 25, [91] [92] [93] [94] . In contrast, the study sections do not fit the published depositional models in detail, because the observed facies do not show any trace of swaley or hummocky crossstratification that could be attributed to wave-or storminfluenced depositional environments [21, 88, 92] .
The facies examined in this study show ripple and mega-ripple cross-stratifications with basinward-oriented palaeocurrents, indicating constant offshore-directed currents. As all these structures occupy the uppermost part of the model and, therefore the sector immediately adjacent to the steep beach, it is possible that the bottom profile did not provide enough space to record and preserve wave-and storm-influenced facies. Waves might have played an important role in the coastal hydrodynamics: on impact with the steep coastal profile (cliff), waves may have produced reflection (rather than dissipation) of energy and consequent wave-driven downwelling currents (along-ramp geostrophic flows). The palaeo-bottom depositional profile may have pertained to a steep palaeocoast, characterized by cliffs and poorly developed beach deposits (or 'pocket beaches'). Thus the steep depositional profile may have inhibited the development of clinoforms [26] . Similar depositional models were proposed by [26] and [22] .
Sequence stratigraphic interpretation of cycles R2 and R3
The facies succession observed in the analyzed sediments indicates that they represent two transgressive cycles (R2 and R3), both bounded at the base by evident angular unconformities ( Figure 2B ). Cycle R2 is bounded at the top by a further unconformity surface, locally overlain by the late Middle Pleistocene fan deltas of the Messina Gravels and Sands Formation. The same deltaic deposits lie at the top of cycle R3 through an erosional surface which, consequently, can be regarded as a 'regressive surface of marine erosion' (rsme in Figure 6 ). Both cycles R2 and R3 evolve from Transgressive System Tract (TST, Stratal units b and d) to Highstand System Tract (HST, Stratal units c and e) ( Figure 4 ) and lack their Lowstand System Tracts. The transgressive character of each cycle is evidenced by the deepening trend indicated by the upward fining of the sedimentary facies and by a substantial decreasing of the siliciclastic fraction in the upper intervals. During transgression, the coastline moves landward and the shelf area typically enlarges. This could be accompanied by a storage of large quantities of sediment in the alluvial and coastal plain environments, resulting in reduced sediment influx to the basin. The deposits that record the late stages of the transgression are indeed represented by fully marine bioclastic fines, characterized by a consistent decrease in the siliciclastic fraction. Transgressive deposits culminate in a surface or zone of maximum flooding. In sequence stratigraphic reconstructions maximum flooding surface (mfs) is considered a key surface, generally easily detectable in outcrops and cores, and representing the downlap surface of the overlying regressive deposits [95, 96] . Downlap is not evident in the study area because the study sections expose the distal part of the stratigraphic sequence, which exhibits a very gentle clinoform dip. In these distal areas the clinoforms appear as subhorizontal surfaces of open marine deposition. Downlap geometries could theoretically be identified from large outcrop views, which are absent in the study area. The mfs that separates the TST from HST is here represented by a sudden change in the sedimentary facies from shoreface, coarse grained, mixed sandstones to offshore siltstones (Figures 7A and 7B) . In cycle R2 this surface is also marked by a relevant concentration of brachiopod shells of Terebratula genus (Figures 12A and 12B ).
On the contrary the mfs that characterizes cycle R3 is not associated with a shell bed and, in our interpretation it coincides with the top of Stratal unit d ( Figure 12C ). In fact, from this point upwards, a weak shallowing trend of the succession is observable, thus indicating a relatively stable sea-level.
The biocalcarenite succession of cycle R2 (Stratal unit b) represents an 'accretionary transgression' (sensu [97] ) that typically characterizes steep coastal margins during relative sea-level rises. Transgressive deposits may develop above the wave ravinement surface in steep and highsediment-supply settings (transgression T − D of [98] ). In places, where faulting creates steep ramps such as the study area, the transgressive deposits are usually much thicker than in other, gently-inclined coastal areas, because the eroded and newly supplied sediment is deposited locally without significant dispersion across the shelf area. Cycle R2 biocalcarenites can be regarded as a set of higher-order 'amalgamated parasequences' [99, 100] , arranged in mostly retrogradational pattern. Each parasequence records deepening trend, accompanied by slight facies changes. Minor flooding surfaces are present at the top of each parasequence, marked by thin layers of brachiopods ('condensed downlap shell bed' [101] , 'type B shell bed' [102] , or backlap shell bed' [103] ) indicating minor stillstands of the relative sea level.
Parasequences of cycle R2 show upward deepenings with no shallowing-upward trends (regressions). Thus, they differ from the classical, progradational parasequences related to shoreline advancement, that are readily recognizable by a shallowing-upward signature of component facies [104, 105] . Nevertheless, as argued by [98] , and documented for analogous Neogene successions of Southern Italy [24, 106] , transgressive trends can be recognized based on evidence of a landward shift of facies (retrogradation). However, this retrogradational facies arrangement is better developed along gently-inclined coastal margins and is less apparent along steep coasts such as that of the study area ( Figure 13B ). Cycle R2 internal arrangement seems to be in contrast with the classical models, where sea-level rise occurs according to steps of rapid rises and minor sea-level stillstands. In fact, such a mechanism produces alternation of coastal retrogradations and minor progradations, despite a longer-term, landward stepping of the shorezone [107] . Thus, the absence of progradational patterns within the R2 succession suggests that the recorded transgressions might have been continuous, or without any significant pause during the relative sea-level rise.
Parasequences of cycle R2 regularly alternate displaying no significant bed-thickness differences and facies variations to each other. Such vertical repetition cannot be generated by a non-cyclical factor (e.g. tectonics), which usually produces a random signal in the sedimentary record. Because cycle R2 deposited during the Early Pleistocene and this time interval was characterized by a dominant periodicity of 41 ky in glacial oscillations (see δ 18 O curve in Figure 3 ) ( [108] [109] [110] and references therein), we can consider the regular signal recorded by parasequences as an effect of short term eustatism. Consequently, the general transgressive trend of cycle R2 reflects the increase in accommodation space produced by fault displacement with the superimposition of highfrequency eustatic sea-level oscillations. The sedimentary succession does not record any effect of the falling stages which occur during eustatic high-frequency cycles, because the rate of tectonic subsidence exceeded the magnitude of the short-term sea-level falls. For this reason, the general transgressive trend may be considered the result of an uninterrupted relative sea-level rise induced by tectonics. Vertically-stacked parasequences are not evident in cycle R3 because the TST is here represented by chaotic to poorly-organized deposits (Stratal unit d). The deposition of cycle R3 occurs most likely after the "mid-Pleistocene transition" [111] , that marks the onset and establishment of 100 ky glacial cycles. As shown by the δ 18 O curve (Figure 3) , the past 900 ky or so, are characterized by "asymmetric" (short, abrupt deglaciation and long, gradual glaciation phases), higher-amplitude and longer-term glacial cycles [112] . We may suppose that cycle R3 deposited during a deglaciation phase, which caused an amplification of the tectonic subsidence effect. This resulted in a higher amplitude of the general transgression, as suggested by the deeper environments indicated by the uppermost facies associations (Stratal unit e). Tectonic subsidence, related to the movement of active faults, usually occurs through steps producing short discontinuous displacements, also associated with seismic events. These steps are not included in the studied sedimentary successions as the accumulation rate probably occurred over too long a time-scale to record short-term tectonic episodes. Accordingly, in a sequence stratigraphic reconstruction the tectonic subsidence can be expressed as a 'straight' line (inset in Figure 13A ) in the estimation of the resultant curve of the relative sea-level oscillation [113] .
Proposed tectonic model for the deposition of cycles R2 and R3
Cycles R2 and R3 mainly directly lie upon the prePliocene substrate. The Lower Pliocene deposits (Trubi Formation) occur discontinuously in very thin outcrops. The absence of Middle-Upper Pliocene sediments which occur frequently along the Tyrrhenian side of NE Sicily (depositional sequence R1 [22] ), indicates that this margin of the Ionian basin was uplifted during the Middle Pliocene to the earliest Pleistocene.
The two cycles appear confined to two, SW and NW, sectors of the same coastal segment and are separated from each other by a WNW-ESE-oriented fault. This fault belongs to the Ionian segment of the 'Calabro-Siculo Rift System' [34, 53, 54] , which since the Late Pliocene, gave rise to the distinct palaeogeography of the study area. This was characterized by a series of semi-confined gulfs, controlled by shore-parallel normal faults and associated minor, perpendicular strike-slip faults [34, 53, 54] (Figures 1 and 14A ).
The two depocenters subsided during two successive stages, inverting their position and role during sedimentation. This mechanism may have been related to the tectonic activity of a transfer fault system, which caused inversion of different subsiding areas during its evolution. Theoretically, a transfer fault system [114] , comprises orthogonal faults which accommodate differences in strain or structural styles along the strike of the extensional system (e.g. [115] [116] [117] [118] [119] ). Rift transfer faults are portrayed in the literature as pure strike-slip faults, when parallel to the extension direction, or as oblique-slip faults, with variable amount of dip displacement, when oblique to the extension direction [114, 115] . Both compressive (transpressional) and extensional (transtensional) structures may develop along transfer faults, depending on their angular relationship with the components of the extensional system [114] . Transfer faults usually connect major normal faults with similar or opposite polarities and their sense of slip is contrary to the apparent offset of the related normal faults [120] . Evolution of a transfer fault system may produce tectonic inversion, causing the migration of the subsiding depocentres parallel to the rift opening [116] ( Figure 14B ).
Along the Ionian coast of the Peloritani Mts, the combined activity of this complex fault system subdivided the coastal area into two main embayments (corresponding to the SW and NW sectors respectively) that subsided during two successive stages. The sedimentation of depositional cycle R2, filling the SW sector, occurred during the Early Pleistocene, while the NE sector was uplifted to form the northern margin of the palaeo-gulf ( Figure 14C ). No sedimentation occurred in the NE sector during this stage. Later, during the Middle Pleistocene, the SW sector was uplifted, and underwent deep erosion and cannibalization of pre-Pleistocene and R2 sediments. The recycled sediments were transported towards the subsiding NE sector to form part of the younger depositional cycle R3 (Figure 14D) e.g. [89, 121] . The R2-R3 diachronism and the episodes of sediment recycling indicate the activity of a transfer fault system of local significance (as hypothesized in Figure 14B ), whose existence is suggested by two main geological evidences: i) the main normal faults bounding the inner margin of the sedimentary succession are connected by transverse strike-slip minor faults, perpendicular to the shoreline, which do not propagate across the western crystalline basement ( Figure 1) ; ii) especially for the SW sector, the pre-Pleistocene substrate is dissected by a number of shore-parallel normal faults which produce a series of tilted landward-dipping blocks. These two points confirm that these deformations may be related to the vertical displacement induced by a transfer fault active from Middle Pliocene onwards, as also argued by [45] . This system accommodated left-lateral strike-slip movement in the SW sector during the Lower Pleistocene ( Figure 14C ) and, later inverted its movement northwards, producing subsidence associated with right-lateral strike-slip in the NE sector during the Middle Pleistocene ( Figure 14D ). This tectonic style characterized the opening of the Messina Strait, which reached its modern and definitive morphology at the end of the Pleistocene.
Insights on the opening of the Messina Strait
Facies associations influenced by tidally-driven currents are unusual for micro-tidal basins, such as the Mediterranean Sea, where tidal influence is often negligible along long-shore current-and/or wave-dominated coastal systems [82, 122] . However, similar tidally-influenced depositional settings were documented in the past from a number of late Cenozoic deposits in the central Mediterranean Sea, namely from the Pleistocene raised deposits occurring along the present-day Messina Strait margins [86] . In the study area, the Pleistocene hydrodynamic conditions were probably very similar to the present-day marine circulation: microtidal conditions are enhanced by the amplification of strong tidal currents in the local straits and coastal embayments located between the Tyrrhenian and Ionian seas [123] . An impressive example of this phenomenon is represented by the presentday Messina Strait, whose southward-sloping sublittoral to bathyal floor is dominated by descending tidal currents with velocities up to 1-3 m/s [71, 124] . All significant accumulations of Neogene tidal deposits in onshore Calabria and northern Sicily owe their origin to such specific settings, including the straits and embayments lo-cated in central-southern Calabria and northern-eastern Sicily [106] .
In the study succession, the tidally-influenced deposits are represented by cross-stratified sandstones that record amplification of tidal currents and are typically intercalated with gravity-driven deposits derived from the uplifted margins. Tidal control of sedimentation is not always present in the study succession. The Early Pleistocene deposits were dominated by wave-induced currents, characterizing the local coastal hydrodynamics. Sedimentation occurred under a steep coastal gradient and the deepest environments were probably under the influence of tidal currents flowing along the marginal part of the proto-Messina Strait.
Tidal signal is better recognized in the upper part of the younger succession R3, where biocalcarenitic sediments are fully dominated by herringbone-type structures of ebb-flood tidal currents. This signal marks the opening of the Pleistocene Messina Strait, in which the amplification of the reverse currents from the two interlinked Tyrrhenian and Ionian basins prevailed over other hydrodynamic factors during Middle Pleistocene.
These data support the observations of [86] derived from study of analogous coastal successions cropping out along the Calabrian margin of the study area. These authors argued that the Messina Strait opening may have begun in the Middle Pleistocene, because only from this time did tidal currents begin to be amplified by a morpho-tectonic 'corridor', influencing the sedimentation of the coastal margins. This is in disagreement with other studies which have documented the individuation of this narrow linear basin starting from the Late Pliocene-Early Pleistocene e.g.: [4, 7, 50, 61, 123, 125, 126] . The onset of the daily inversion of strong tidal currents between the Tyrrhenian Sea and the Ionian Sea occurred most probably later, because no tide-influenced facies are documented from deposits that are older than the Middle Pleistocene.
Conclusions
This study represents the first effort to unravel depositional processes and sequence stratigraphy of mixed bioclastic/siliciclastic coastal deposits of the northern Ionian coast of Sicily (Southern Italy) during major relative sea level fluctuations of the Early-Middle Pleistocene, by means of integrated, high-resolution sedimentological and biostratigraphic approaches.
The investigated area is characterized by a biocalcarenite-dominated succession that can be divided into two main transgressive cycles, R2 and R3, that partially correlate with depositional sequences previously detected across the northern (Tyrrhenian) coast of Sicily [22] . Cycle R2 was attributed to the MNN19d-MNN19e nannofossil biozones (1.5-0.99 Ma) Early Pleistocene in age, whereas cycle R3 was confined to the Middle Pleistocene MNN19f zone (0.99-0.58 Ma).
The two cycles are formed by vertical successions of stratal units that can be subdivided into component facies associations. The sedimentary structures allow the interpretation of these facies associations as the response of the shoreface to offshore transition environments evolving to deeper conditions during marine transgressions.
Sedimentation occurred along a steep ramp-type shelf, variously dissected and compartmentalized by shoreparallel normal faults, creating accommodation space during sediment accumulation. This fault system (Ionian sector of the Siculo-Calabrian Rift Zone) produced a local transfer zone of strike-slip movement, which underwent a tectonic inversion during its evolution. This structural style, documented for extensional rift zones, caused dramatic subsidence of the sea floor during coastal wedge accretion, producing two diachronous, transgressive depositional cycles, that occur within two different sectors (SW and NE respectively). Subsidence progressively occurred northward along the coastal margin, producing alternating uplifted sectors. Concurrently the partial cannibalization of cycle R2 during the sedimentation of cycle R3 occurred.
The two cycles are interpreted as the transgressive counterparts of two separate successions, controlled by a virtually continuous tectonic subsidence. Cycle R2 also recorded the 41 ky glacial oscillations, as documented by the vertically stacked parasequences, whereas the deposition of cycle R3 was influenced by the 100 ky cycles resulting in a higher amplitude of the general transgression. Cycles R2 and R3 show retrograding-to slightly prograding systems tracts (TSTs and HSTs), recording two accretionary transgressions. The bulk of the TSTs are composed of retrogradational parasequence sets, marked at the base by discontinuous shell beds, characterized by deepening-upward trends in the vertically-stacked facies tracts and with the absence of any regressive trends.
Sediments forming the most distal facies of cycle R2 and the uppermost interval of cycle R3 became progressively influenced by tidal processes, suggesting the amplification of reverse tractional currents, instead of the 'normal' coastal hydrodynamics. These data suggest that the onset of the formation of the proto Messina Strait, that developed during the Late Pleistocene, is constrained to within the last 0.99-0.58 Ma, corresponding to the deposition of cycle R3.
